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Outline of Presentation
 Single molecule studies of biological molecular motors:
 ATP synthase.
 Kinesin.
 Type I Restriction enzymes.
 Early studies of molecular motion of a Type I Restriction 
enzyme – toward a nanoactuator.
 Magnetic Tweezer measurements of single molecule 
activity.
 A proposed nanoactuator / transducer.
 Potential uses of the device.
ATP synthase
 Rotary motor that uses 
a proton flux to 
synthesise ATP.
 Spins through 3 steps 
of 120°.
 Capable of 130 
revolution per second.
 Force = ~44 pN.
Kinosita et al. (2000). In Essays in Biochemistry: 
Molecular Motors (Banting, G. & Higgins, S. J., eds.), pp. 
3-18. Portland Press, London.
Detection of movement for ATP synthase
 Fluorescence tagging is a 
frequent means for 
visualising single molecules.
 An actin fibre was attached to 
the head of the protein, on 
this actin is fluorescent tag.
 The spinning can be easily 
visualised in a series of video 
images from a microscope.
Kinosita et al. (2000). In Essays in Biochemistry: Molecular Motors
(Banting, G. & Higgins, S. J., eds.), pp. 3-18. Portland Press, London.
 This motor is now being developed 
in combination with light 
conversion system to produce 
mobility – a molecular propeller.
Kinesin is the cargo train of the cell
 Kinesin carries ‘objects’ around the eukaryotic 
cell – organelles, large proteins etc.
Microtubules are the rail-track
Microtubules radiate 
from the nucleus.
 They provide the 
linear tracks for 
kinesin to ‘run’ along.
 The ‘railway system’ 
runs in three 
dimensions.
“Do the kinesin walk”
 Kinesin moves 
organelles around the 
cell.
 It does this by moving 
along microtubules 
using a hand-over-
hand movement.
 100 steps per second
 Force = 5-7 pN.
Visualisation of this movement
 Microtubules can be 
easily fluorescently 
stained and observed in a 
microscope.
 Interestingly, coating a 
glass surface with kinesin 
allows the ‘rail track’ to 
be moved by the 
stationary ‘trains’.
 Etching of surfaces, or 
the use of charged-
micromanipulation 
devices allows direction 
and guided movement.
 This opens the possibility 
of a transport system.
Kerssemakers, J., L. Ionov, U. Queitsch, S. Luna, H. 
Hess & S. Diez, (2009) 3D nanometer tracking of 
motile microtubules on reflective surfaces. Small 5: 
1732-1737.
Type I Restriction-Modification 
systems
 Restriction of DNA is used to protect a bacteria from 
viral attack.
 Type I R-M systems  were the first R-M systems 
discovered (in the 1960s).
 Have dual functions:
Restriction (ENase) – DNA cleavage.
Modification (MTase) – protection of DNA.
 They are the most complex of the R-M systems 
discovered so far.
Restriction Activity
 Unlike most restriction 
enzymes, Type I R-M 
enzymes cut DNA at 
random locations.
 However, they bind to 
specific sites on the DNA 
and they can methylate 
those sites (modification), 
which protects the host 
DNA.
 They MOVE the DNA prior 
to cutting.
Triple Helix Assay for translocation
 The first direct 
measurement of DNA 
translocation was in 
bulk solution……
 The parallel triple helix 
is positioned at various 
distances and 
orientations from the 
sR124 recognition
sequence (arrow), 
which is arranged |>5’-
GAAn6RTCG-3’
Triple Helix Displacement
 The linear DNA binds 
the triple helix 
oligonucleotide, which 
is radiolabelled.
 Displacement of triple 
helix oligo from linear 
DNA reduces the signal 
from the linear DNA.
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Rate of displacement
 As the distance 
between the sR124
site and the triple 
helix increases 
there is a lag in the 
production of free 
oligo.
 The rate can be 
estimated from 
this lag.
Estimate of rate of translocation
 A plot of the lag 
times against 
distance translocated 
gives an estimate of 
speed.
 The rate is 400bp/sec.
Firman, K. & Szczelkun, M. (2000). Measuring 
motion on DNA by the type I restriction endonuclease 
EcoR124I using triplex dissociation. EMBO J. 19, 
2094-2102.
DNA Cleavage is governed by ENase 
stoichiometry
 The problem for use of this enzyme is DNA cleavage –
the substrate is destroyed.
 Mixing HsdR with MTase allows assembly of a 
functional ENase in vitro.
 We found that the EcoR124I endonuclease exists in two 
stoichiometric forms.
 This subunit assembly control is the mechanism by 
which the enzyme controls opposing functions of 
restriction and modification.
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AFM Visualisation
 The loops created by 
translocation (see 
animation) are clearly 
visible.
 The single molecules of 
the motor protein are 
also clearly visible.
 Two independent loops 
can be seen in the R2-
complexes.
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Unidirectional Translocation
This project was funded by an EU grant from the FET-OPEN scheme 
(IST-2001-38036) – MOL SWITCH
A molecular switch
 DNA translocation will pull 
the magnetic bead past the 
sensor.
 The sensor could activate a 
silicon-based device.
 This allows an interface 
between the ‘biological’ 
world and the ‘silicon’ world.
 This led to EC funding under 
the FET-OPEN Scheme.
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Magnetic Tweezers
 The speed of translocation 
was determined using a 
Magnetic Tweezer Setup.
 A magnetic bead, attached to 
the DNA, is held up by an 
external magnetic field.
 The motor (unidirectional or 
bidirectional) can be used to 
pull the magnetic bead. 
 The bead is observed in the 
inverted microscope and its 
vertical position determined 
± 8nm.
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Analysis of a single event
 The translocation is 
highly processive.
 The speed is 564bp sec-1
(0.2micron/sec).
 Over 1kbp of DNA is 
translocated in this 
instance.
 The longest event was 3 
microns – to the floor of 
the cell.
A Basic Biosensor
 A basic biosensor 
consists of Molecular 
Recognition Elements
(e.g. antibodies or an 
enzyme).
 And the transducer, 
which “displays” 
recognition of the 
analyte by the MRE.
 We use our nanoactuator 
as the transducer 
element.
Detection 
signal
MRE Transducer
Analyte
Output
Fuel
It is a nanoactuator
 This nanoactuator can be 
used as a transducer  by 
providing electrical signalling 
from motor activity
 An ideal device involves a 
small magnetic bead held in 
the magnetic field.
 The bead may be too small to 
be visualised in a optical 
microscope.
 A sensor will detect the motor 
pulling the bead.
 We have developed a pre-
prototype device.
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 DNA-binding drugs inhibit translocation and can detected 
as they interact with single molecules of DNA.
 Personalised medicine can be developed using different 
DNA sequences for each molecule.
 Many DNA motors are targets for drugs (e.g. helicases from 
Plasmodium as potential anti-malarial drug targets, 
topoisomerases are anti-cancer targets) and can be 
screened by the device at the limits of sensitivity.
 Drugs that target protein-protein interactions can be 
identified by creating loops of DNA between two proteins.
Use in drug discovery
Monitoring a single helicase
 If the force pulling on an hairpin 
is smaller than the critical force 
for unzipping, the action of the 
helicase is observed as an 
increase in extension of the 
moleule.
 At high forces the extension of  
dsDNA is shorter than ssDNA. 
 Unzipping of DNA by a single 
helicase results in an increase in 
extension of about 0.13 nm per 
base unwound (at 35 pN).
 In both cases the stretching 
force also prevents 
rehybridization of the strands 
behind the enzyme.
 The previous work was designed to build a transducer 
/ nanoactuator for a biosensor.
 However, we are also interested in using the motor in 
conjunction with polymers and fibrous materials.
 We have already linked the motor to responsive 
polymers.
 In such a situation the motor activity can be controlled 
and used to contract fibres.
Toward Intelligent material
 We are interested in developing intelligent materials 
using DNA cross-links and the molecular motor 
pulling the DNA.
 The motors can either be attached to the material 
(already available), or free to bind the DNA that is 
cross-linked to fibres of material.
Intelligent Material
 Christina Dutta, James Youell, Alex Blundell and Peter 
Coxhead, Aneta Hyb, & Dan Fordham. 
 John Gallop (National Physical Laboratory), Olga 
Kazakova, Patrick-Joseph Franks & Robert Boyd.
 John van Noort, Ralf Seidel and Cees Dekker (TUDelft)
 David Bensimon, Vincent Croquette (ENS/CNRS) & Jean-
François Allemand.
 Mark Szczelkun (University of Bristol)
 Marie Weiserová, Inge Holubová, Štepánka Vejsadová
(Czech Academy of Sciences, Institute of Microbiology).
 Ivo Utke, EMPA Switzerland.
 Paulo Freitas, INESC-MN, Portugal.
Collaborators - Mol Switch / BioNano-Switch
